The treatment of craniosynostosis consists of skull vault surgery. This procedure is performed to prevent or to treat elevated intracranial pressure (ICP) by enlarging the intracranial volume (ICV). Surgery is preferably performed within 1 year after birth, because the risk of developing raised ICP is higher when the operation is performed later in life. 24 Furthermore, the mental outcome is better compared with patients who undergo a cranial vault expansion later in life. 24 Moreover, the skull deformity is corrected and its progression is prevented. 17 In general, patients with Apert and Crouzon-Pfeiffer syndromes underwent an occipital vault expansion, which might be followed by a frontoorbital advancement later in life, whereas patients with Muenke and Saethre-Chotzen syndromes underwent a frontoorbital advancement as the first (and often the only) surgical procedure. For patients with multisuture synostosis, the surgical procedure depends on the cranial sutures involved; occipital expansion when lambdoid sutures are involved, and frontoorbital advancement when coronal sutures are involved.
Preoperatively, 40%-50% of the patients with Apert syndrome, 50%-70% of those with Crouzon-Pfeiffer syndrome, 35%-45% of those with Saethre-Chotzen syndrome, 50%-80% of the patients with complex craniosynostosis, and none of those with Muenke syndrome develop increased ICP. 5, 12, 13, 15, 18, 21, 24, 25, 29, 30, 32 Postoperatively, 35%-43% of patients still develop raised ICP. 12, 13, 15, 18, 25, 29, 30 Factors influencing ICP in these patients include craniocerebral disproportion (a condition in which the brain grows faster than the skull), hydrocephalus, venous hypertension, and obstructive sleep apnea syndrome. 8, 11, 14 During follow-up of the surgically treated patient, the occipitofrontal circumference (OFC) is used as a derivative of ICV to evaluate whether craniocerebral disproportion might be present. However, it is unknown whether OFC and ICV correlate in patients with a severe skull deformity. Although OFC and ICV have been shown to correlate in healthy individuals, 6 ,7 a small study (n = 7) in infants with an abnormal head shape, including 5 with craniosynostosis, could not find any correlation. 7 The aim of the present study is to evaluate the correlation between OFC and ICV in children with different craniosynostosis syndromes, and to assess the predictive value of OFC in these patients.
methods data Acquisition
The volume measurements were performed using 3D CT scans. These scans were assembled via the radiology department of the Erasmus University Medical CenterSophia Children's Hospital. All digitally available 3D CT scans of the skull (slice thickness 1.25-3 mm) in all children (age 0-18 years) with syndromic and complex craniosynostosis that were obtained between January 2000 and January 2014 were initially included. The exclusion criteria were as follows: incomplete scans (scans that did not totally include the area between the vertex and the foramen magnum), and scans with artifacts caused by the presence of distractors. Scans including contrast media were also excluded from the study, due to the highly timeconsuming measurement.
Data on OFC were collected from electronic patient files. The 3D CT scans and OFCs were paired based on the time interval between the CT scan and OFC measurement; because the human skull grows mostly in the first months of life, 10 the OFC had to be measured within 1 month before or after the CT scan for children 0-1 years, within 3 months for patients 1-2 years, within 6 months for those 2-4 years of age, and 12 months for those > 4 years (Table 1) . Additionally, the OFC and CT scan were not paired when the patient underwent skull surgery between the measurement of OFC and acquisition of the CT scan.
the icv measurement
The ICV was calculated from 3D CT scans by using Brainlab, a neuronavigation program. Within this software, autosegmentation with a soft-tissue/bone Hounsfield unit (HU) threshold of < 150 HU [1] [2] [3] [4] was performed to outline the ICV. Parts with an HU value below 150, such as skin, that did not contribute to the ICV were manually excluded using axial, sagittal, and coronal images ( Fig. 1 ). These planes were also used to outline the foramen magnum manually, using the area between the clivus and the occipital bone as a cutoff point in the sagittal plane (Fig.  2) . When the outlining was finished on each slice, the software program automatically calculated the ICV (Fig. 3) . The intrarater reliability was based on the intraclass correlation coefficient, which was 1.000.
statistical Analysis
To study the correlation between OFC and ICV, a Pearson correlation coefficient was calculated for all patients combined, and per syndrome. Additionally, correlations were calculated as follows: 1) preoperatively; 2) postoperatively; 3) for Apert syndrome patients with a turricephaly; or 4) those without a turricephaly. Only the first 3D CT scan for each patient was used for the calculation of the correlations, because correlation coefficients do not allow the use of multiple measurements. For further analysis of the predictive value of OFC, a linear mixed model correcting for multiple measurements, age, and sex was used. The OFC, age, and sex were first entered separately into the model. Variables that were significant in the univariate analysis were subsequently entered into a multivariate linear mixed model. Statistical significance was defined as p < 0.05.
results
One hundred fifty-nine of 229 CT scans remained eligible when the inclusion and exclusion criteria were applied, of which 84 were paired with an OFC measurement (Fig. 4) . These 84 scans were obtained in 69 patients with craniosynostosis, including Apert (n = 11), CrouzonPfeiffer (n = 24), Muenke (n = 7), and Saethre-Chotzen (n = 10) syndromes, and complex craniosynostosis (n = 17) ( Table 2 ). Three patients with Apert, 6 with Crouzon-Pfeiffer, and 1 with Saethre-Chotzen syndrome, and 1 with complex craniosynostosis underwent multiple scans. The mean age of our patient population was 5.7 years (range 2 months to 18 years), and 34 of the patients were female (49%).
The correlation coefficient between OFC and ICV was r = 0.908 for all patients combined; r = 0.981 for those with Apert; r = 0.867 for those with Crouzon-Pfeiffer; r = 0.989 for those with Muenke; r = 0.858 for those with SaethreChotzen syndrome; and r = 0.917 for those with complex craniosynostosis (Tables 3 and 4) . Preoperatively, the correlation between OFC and ICV for all patients combined was r = 0.903 (p < 0.001), and it was r = 0.815 postoperatively (p < 0.001). The correlation in patients with Apert syndrome with a turricephaly (n = 4) was r = 0.984 (p < 0.031), and for patients with Apert syndrome without a turricephaly (n = 7) it was r = 0.969 (p < 0.001). In the univariate analysis, OFC and age were significant predictors of ICV (p < 0.001 for both factors), whereas sex had no significant contribution (p = 0.238). When OFC and age were entered into a multivariate model, OFC remained the only significant predictor of the ICV (p < 0.001 for OFC and p = 0.136 for age).
discussion
In this study we evaluated the predictive value of OFC for ICV, and the correlation between OFC and ICV in patients with syndromic and complex craniosynostosis. The OFC and ICV were highly correlated when evaluating all patients combined, but also for subgroups per syndrome, pre-and postoperatively, and in patients with Apert syndrome with a turricephaly. Furthermore, when corrected for age, OFC was a significant predictor of ICV. The OFC and ICV were highly correlated in our study population.
A previous study in which the correlation between OFC and ICV was evaluated could not find any correlation. However, we believe that our study has several strengths in comparison with the previous one. For example, the study population of Buda et al. consisted of only 7 infants with a deviated skull form, of whom 5 patients had craniosynos- 10 (14) 15 (18) 4-8 6 (9) 7 (8) 8-12 9 (13) 10 (12) 12-18 11 (16) 18 (21) tosis, whereas our study consisted of a much larger cohort. Additionally, ICVs in the previous study were calculated using radiographs, whereas in this study we calculated the ICV on 3D CT scans, which is a more established method for ICV measurements. 26 There are 2 studies in which the correlation between OFC and ICV was evaluated in healthy individuals. 6, 7 They found correlations of r = 0.97 and r = 0.98, which is slightly higher than the correlation of r = 0.91 that we found in our study population. Apparently, although the skull shape is altered in children with craniosynostosis, it turns out that the OFC is still a reliable tool to evaluate ICV.
For each syndrome separately, OFC and ICV were highly correlated as well. We believed that the correlation might be altered in children with Apert syndrome, due to the presence of patients with a turricephaly in this group. However, we found that the correlation in Apert syndrome was one of the highest of all syndrome subgroups, and additionally that the presence or absence of a turricephaly did not alter the correlation substantially. Whether OFC and ICV have a good correlation in patients with CrouzonPfeiffer syndrome with only sagittal suture synostosis was evaluated in 2 patients. Remarkably, the correlation coefficient of these 2 patients was almost identical to the rest of the group (0.867 and 0.865, respectively). However, this might be explained by the fact that both patients were measured postoperatively, indicating that the configuration of the skull in these patients was altered, and was more similar to those without sagittal suture involvement. Therefore, it is uncertain whether the OFC is as good a predictor for ICV in patients with Crouzon-Pfeiffer syndrome with only sagittal suture synostosis prior to correction.
In addition, ICV depends on the diagnosis; ICV is normal in unicoronal suture synostosis, 16 normal or slightly enlarged in sagittal suture synostosis, 20, 23 and enlarged in patients with Apert and Crouzon-Pfeiffer syndromes. 22 Increasing ICV is caused by increasing brain mass or CSF, which both might contribute to elevated ICP. The incidence of increased ICP differs between different craniosynostosis syndromes, with the highest percentage in patients with Crouzon-Pfeiffer syndrome. 5 In addition, patients with different craniosynostosis syndromes show different OFC curves, and some are regarded as more likely to develop a deflecting OFC growth curve than others. 28 For example, stagnating skull growth is more often seen in patients with Crouzon-Pfeiffer syndrome than in patients with Muenke syndrome. Therefore we studied the OFC curves per syndrome, and investigated the relation between OFC and ICV per syndrome as well. For each craniosynostosis syndrome, the relation between ICV and OFC was high, which means that the OFC curve is a reliable measurement to study ICV in different craniosynostosis syndromes. This makes it a clinically useful tool to study skull growth. Moreover, it turns out that a deflecting growth curve (OFC not changing or showing growth of < 0.5 SD within 2 years) is a very important risk factor for developing papilledema, which is an indirect sign of increased ICP. 9, 28, 31 A limitation of our study includes its retrospective design. The OFC was often not measured on the day that the CT scan was performed. To evaluate the influence of our variables more precisely, these measurements would preferably be made on the same day. Another point of attention might be the human factor when measuring the OFC; for example, measurement errors or noncooperative children. However, the data collection was done by experienced professionals at every visit of the patient to the clinic, which limits those factors as much as possible.
conclusions
Taken together, craniocerebral disproportion contributes to the development of elevated ICP in children with syndromic and complex craniosynostosis. The ICV measurements can be used to monitor skull growth. However, because this is time consuming and therefore not feasible for use in clinical practice, OFC is often used as an alternative to ICV. We found that OFC is indeed a reliable predictor of ICV in the total group of patients with craniosynostosis, in the individual syndromes as well as in surgically and nonsurgically treated patients with craniosynostosis. This makes it a rapid and accurate method to monitor skull growth during follow-up and to help determine which patients are lacking in ICV. 
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